Rett syndrome (RTT) is an X-linked disorder caused by mutations in the methyl CpG binding protein 2 (MECP2 ) gene. The pattern of X-chromosome inactivation (XCI) is thought to play a role in phenotypic severity. In the present study, patterns of XCI were assessed by lacZ staining of embryos and adult brains of mice heterozygous for a X-linked Hmgcr -nls -lacZ transgene on a mutant mouse model of RTT. We found that there was no difference between the lacZ staining patterns in the brain of wild-type and heterozygous mutant embryos at embryonic day 9.5 (E9.5) suggesting that Mecp2 has no effect on the primary pattern of XCI. At 20 weeks of age, there was no significant difference between XCI patterns in the Purkinje cells in the cerebellum of heterozygous mutant and wild-type mice when the mutant allele was inherited from the mother. However, when the mutant allele was paternally inherited, a significant difference was detected. Thus, parental origin of the mutation may have a bearing on phenotype through XCI patterns. An estimation of the Purkinje cell precursor number based on XCI mosaicism revealed that, when the mutation was paternally inherited, the precursor number was less than that in the wild-type mice. Therefore, it is likely that the number of precursor cells allocated to the Purkinje cell lineage is affected by a paternally inherited mutation in Mecp2. We also observed that the pattern of XCI in cultured fibroblasts was significantly correlated with patterns in the Purkinje cells in mutant animals but not in wild-type mice.
INTRODUCTION
Rett syndrome (RTT) is an X-linked dominant neurodevelopmental disorder that mainly affects girls. Mutations in the methyl-CpG binding protein 2 (MECP2) gene (1) account for 80% of cases of classic RTT and a smaller percentage of the variant forms of RTT (2) . RTT is characterized by a period of apparently normal development until the age of 6 -18 months after which patients regress and speech and purposeful hand movements are lost. The clinical features that characterize the disorder are variable and include poor coordination, stereotypic hand movements, seizures, scoliosis, decreased head and body size and breathing irregularities (3) .
The Mecp2/MECP2 gene is subject to X-chromosome inactivation (XCI) in female mice (4) and humans (5) . The choice of which X-chromosome to inactivate is random in the somatic cells of early embryos of normal mice and humans (reviewed in 6). In most cases, the ratio of cells with the maternally to paternally derived X-active chromosome may vary between 80:20 and 20:80 (7) . Individuals are classified as showing skewed patterns of XCI when .75% of the transcript is encoded by one X-linked allele (8, 9) . Skewing # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org could be a result of stochastic processes during the establishment of XCI or cell selection at subsequent development. The XCI pattern can also be affected by various X-linked (6) and autosomal loci (10) in the mouse. In the human, the regions Xq28 (11) and Xp11.2 -11.4 (12) have been shown to affect the pattern of XCI. In addition, the degree of skewing of XCI in peripheral blood cells appears to be affected by age (8) , but this is not universally observed (13) .
XCI mosaicism has been proposed as one mechanism to explain the phenotypic variability associated with MECP2 mutations. This appears to be true for cases such as carrier females with mild or absent RTT phenotypes (including the preserved speech variant), in which skewed XCI patterns have been observed in blood (14) . However, most RTT cases display primarily random XCI patterns in the blood and the brain (15) and show no consistent correlation with the severity of symptoms (16) . It is clear, then, that XCI patterns are not sufficient to explain the phenotypic variation resulting from mutation of MECP2. When several studies are combined, the frequency of skewing in 1095 normal subjects ranges from 17 to 38% if skewing is defined as more than 75:25 or from 4 to 17% when a ratio of more than 90:10 is taken as the criterion for skewing (13) . Skewed XCI at more than 80:20 was found at a higher incidence (50%) in several X-linked mental retardation disorders (XLMR). In these XLMR cases, the mutation-bearing X chromosome was preferentially inactivated, suggesting that the cells with an active mutation-bearing X chromosome may have been selected against (17) .
Human males with mutations in the MECP2 gene are rare. The rarity of male cases has been assumed to be due to an X-linked dominant mode of inheritance with lethality in male hemizygotes (OMIM no. 312750). Several cases were reported in which affected males display variable phenotypes that may include some or all of the following features: severe neonatal encephalopathy, mental retardation, spasticity, tremor of the hands, distal atrophy of the legs and loss of speech (18) . The greater incidence of females when compared with males with MECP2 mutations can be explained by a high number of sporadic mutations arising in the male germline resulting in only female offspring inheriting the affected X chromosome from their fathers (19) . Two groups found that 96% (20) and 71% (21) of mutations in sporadic cases of RTT were of paternal origin. Affected males are usually found in familial cases where the mother has a skewed pattern of XCI and is only mildly affected (22) or has a random pattern of XCI in which case maternal germline mosaicism for the mutation appears to explain the absence of a somatic phenotype in the mother (23) . The relationship between parental origin of the mutation and phenotypic severity has not been examined.
XCI patterns have been studied in two Mecp2-null mice models (24, 25) (26) .
XCI was also studied in a mouse model of RTT that carries a truncation mutation with a stop codon positioned after codon 308. The mutated allele is referred to as Mecp2 308 (2) . The phenotype of these mice is milder than that of Mecp2 null mice (24) and the males survive and are fertile (2) . Similar to the Mecp2 heterozygous null mice, expression of the wild-type allele was favoured in 1-year-old Mecp2 308 heterozygous females and .60% of these mice had .75% of their Purkinje cells expressing wild-type Mecp2 (27) . They also observed that mice with a skewed pattern of XCI displayed less severe mutant phenotypes.
Although the impact of XCI on phenotype has been studied at the cellular and whole animal level, it is not clear at which developmental stages the XCI patterns are established and whether the parental origin of the mutation has any effect. We have investigated XCI patterns in female mice by exploiting the milder impact of the truncation mutation on male viability and fertility in Mecp2 308 mice, which has allowed the generation of heterozygous mutant female mice carrying mutant allele inherited from either parent. This has not been previously feasible with the other two null-mutant mice models where male mice die too early to transmit the mutation efficiently to the next generation and limited the analysis of XCI to female heterozygous mice carrying only the maternally inherited mutation. In the present study, we have assessed the effect of parental origin of the mutant Mecp2 allele at two developmental time points: embryonic day 9.5 (E9.5) when the pattern of XCI is fully established; and postnatal week 20, when the Purkinje cell population has reached its adult size and is at a steady state of differentiation.
RESULTS

XCI pattern in embryonic brain is unaffected by Mecp2 mutation
To determine whether the initial pattern of XCI is affected by the presence of a mutated Mecp2 308 allele during embryogenesis, we chose to study the pattern at E9.5 ( Fig. 1A -G) as this is the earliest time at which it can be determined in morphologically distinct regions of the embryonic brain (28) . In the E9.5 brain, Mecp2 is expressed widely (Supplementary Material, Fig. S1A -D) (29) . Therefore, any impact of altered MeCP2 activity on XCI can be assessed in all types of the neural progenitors.
Previously, we have shown that the expression of the Hmgcr -nls -lacZ transgene is a reliable indicator of XCI in the entire neuroepithelial cell population (28) . Our assay system readily detects those cells in which the transgene is on the active X chromosome, because of strong expression of the lacZ transgene which is visible as blue staining in the nuclei (Fig. 1H -M) . When the active X chromosome is the one that carries the lacZ transgene, it is therefore expected that the cis-wild-type (þ) Mecp2 allele of D4X origin is also expressed. Conversely, nuclei in which the lacZ-bearing indicates that the maternally derived chromosome bears the wild-type Mecp2 allele of 129/SvEv origin (Fig. 1A -E) . In our study, F1 animals were used and therefore, there is no chance for recombination between the lacZ transgene and the Mecp2 allele. Thus, although we do not test Mecp2 expression directly, our assay can clearly determine which X chromosome is active in a given cell.
A subset of cells was selected for the analysis from five brain regions: telencephalon, diencephalon, dorsal midbrain, ventral midbrain and basal part of the upper rhombencephalon ( Fig. 1F and G) . In the male lacZ-transgenic embryo, 100% of all cells in the brain stained positively for X-gal (Fig. 1A, F and H), indicating that cells with an active X-chromosome carrying the transgene can be consistently detected by X-gal staining in this assay.
The number of X-gal and nuclear fast red-stained nuclei was scored for each region from several sections per region for each embryo. Twenty embryos of each genotype were scored. To ensure reproducibility of cell scores, a digital image of the selected section of the embryonic brain regions was taken and, using Photoshop 7 software, cells were marked for positive and negative staining on digital pictures of the sections (Fig. 1I ) and then the relative number of blue-and red-stained cells was scored manually.
Standard statistical measures of the spread of data were determined and the means of the cell scores are presented in Table 1 . The non-parametric Wilcoxon -Mann -Whitney rank sum test was performed to compare the scores of similar brain regions and the whole brains of wild-type and heterozygous Mecp2 308 mutant specimens (Table 1) . No significant differences were detected between the wild-type and the heterozygous Mecp2 308 mutant embryos for any brain region and the whole brain irrespective of whether the mutant allele was inherited maternally or paternally. There is therefore no difference in the primary XCI pattern in the E9.5 embryonic brain of embryos of different genotypes of the same experimental cross.
Curiously, the dorsal midbrain region seems to consistently have a higher proportion of b-gal 2 cells relative to other regions. However, there is no significant difference between the heterozygous mutant Mecp2 308 and the wild-type embryos in the dorsal midbrain region. The uniform positive X-gal staining of cells in the male transgenic embryo showed that the higher proportion of b-gal 2 staining cells in females is not due to reduced lacZ expression or an artefact of staining in this brain region.
Preferential activity of the wild-type maternal allele in Purkinje cells of adult Mecp2 308 mice
To ascertain whether the pattern of XCI had changed as the mice aged, we assessed the pattern of XCI in Purkinje cells of 20-week-old mice. Purkinje cells were selected for the analysis because they express the lacZ transgene very strongly relative to other cell types in the adjacent molecular layer in the folia of the cerebellum (Fig. 1N -Q) and they also express Mecp2 mRNA (Supplementary Material, Fig. S1E and F) (29) and MeCP2 protein (30) , which will render them potentially susceptible to the effect of altered MeCP2 function on cell function and viability. In addition, the Purkinje cells are easily identified by their size, distinctive morphology and a readily defined localization at the junction of the molecular and internal granule layers (31) . For each of 19-27 brain samples of the four types of mice (Table 2) , at least 200 lacZ expressing (X-gal-stained) and red counterstained Purkinje cell nuclei ( Fig. 1O -Q) were counted in three to five non-adjacent sections depending on the number of folia that could be analyzed in each section.
In the brains of the two types of wild-type female mice (Table 2) , the overall mean proportion of red counterstained Purkinje cell counts was ,50% (38 -41%), indicating that there may be a higher abundance of lacZ expressing (blue, b-gal þ ) cells in this lineage. However, this percentage was still well within the range of values which is consistent with random XCI (7). This bias for more b-gal þ Purkinje cells was found for both Mecp2 þ/129þ and Mecp2 129þ/þ female and heterozygous Mecp2 þ/308 and Mecp2 308/þ specimens. A possible factor influencing the XCI ratio may be the strength of the activity of the XCI controlling element (Xce). The D4X transgenic mice were generated by crossing H253 [(C57BL6 Â CBA/2) F1] mice with the D4 [(129 R1 Â ICR) F1] mice. These mice have been inter-crossed for more than 10 generations and will therefore be of a mixed background of the four founding strains. The Xce genotype of the D4X mice is likely to be a/b, a/a or b/b, in contrast to the Xce a/a genotype of the 129/SvEv mice that harbour the Mecp2 mutant allele (32, 33) . Consequently, mice of the experimental crosses will therefore be either Xce a/b or Xce a/a. Given that 
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Human Molecular Genetics, 2005, Vol. 14, No. 13 the two Xce alleles are associated with low to medium level of expression of cis-locating genes on the X chromosome, and that the data were collected from at least 19 different adult brains, the Xce genotype may have insignificant impact on the XCI outcome between female mutant and wild-type mice of the same experimental cross. This hypothesis is supported by the finding that the percentages of b-gal 2 cells are not statistically different between maternal 129-wild-type and paternal 129-wild-type brains (Wilcoxon -Mann -Whitney rank sum test, P . 0.05). However, it is not known if the XCI ratio may be influenced by other autosomal or X-linked loci (10, 34) . All Purkinje cells in male controls stained blue (Fig. 1N) suggesting that every b-gal 2 cell can be effectively detected by our histochemical procedure, and cells that were not stained by X-gal (b-gal 2 ) represent the population not expressing the X-linked lacZ transgene and are not due to a staining artefact.
The (Table 2) . A comparison of the score of percentage of b-gal 2 Purkinje cells also revealed a significant difference between the maternal and the paternal heterozygous mutant mice. This finding, when considered together with the lack of the effect of parental origin of the X-chromosome of different genetic background in the wild-type D4X/129 mice, strongly suggests that the reduced proportion of Purkinje cells expressing the paternally inherited Mecp2 mutant allele is principally due to the parent-specific effect of the Mecp2 mutation and not to other genetic loci that may influence XCI (10,32 -34) .
The paternally derived Mecp2
308 Purkinje cell progenitor pool may be reduced The significant difference found between wild-type and mutant Mecp2 þ/308 heterozygotes prompted us to ask whether this difference arose at the time of allocation of progenitors of the Purkinje cell lineage between E11 and E13 or whether it happened over time after the Purkinje cells had reached their final location.
To estimate the number of progenitors of the Purkinje cells, we followed the protocol outlined by McMahon et al. (35) , which is based on the model that the random selection of cells from a common pool of progenitors of different active X-chromosome gives rise to the variability in the ratio observed in the relative abundance of cell types with different X-linked transgene activity in different animals (36) . The computation of the number of progenitors that is present at the time of lineage allocation is based on the degree of variance of score of the cell types between samples in each animal and that of the mean score between animals. Analysis of these two variances for the week 20 Purkinje cell population revealed that 39 brain samples (n ¼ 17) and 36 Purkinje cell progenitors (n ¼ 15) per half cerebellum may be present in mice with maternally inherited wild-type and Mecp2 308 alleles, respectively. The value calculated for the Purkinje cell progenitors of mice with paternally derived wild-type Mecp2 129/SvEv allele was 76 cells (n ¼ 15) which is higher than mice with either maternally inherited wild-type or mutant Mecp2 gene. Of significance is that a value of 66 cells (n ¼ 19) was obtained for the paternally derived Mecp2 308 allele, which was 13% less than that of the wild-type control. Our findings therefore suggest that the expression of a paternally inherited mutant Mecp2 allele may lead to a reduction in the number of Purkinje cell progenitors present at lineage allocation.
CFB XCI pattern as a predictor of the Purkinje cell XCI pattern
To determine whether the difference between paternally derived heterozygous Mecp2 308 mutant and wild-type XCI patterns was confined to Purkinje cells, we examined XCI in cultured fibroblasts (CFB) from tail tip tissues. CFB have been previously shown to express Mecp2 (37). Cells were not passaged in order to reduce any bias on cell populations due to stochastic influences or varied cell viability that could be manifested with prolonged culture. At least 100 cells per culture were scored for positive or negative expression of lacZ (Supplementary Material, Fig. S2 ). The WilcoxonMann -Whitney rank sum test was performed and no significant differences were found between the wild-type and the heterozygous Mecp2 308 mutant cells with either a paternally (P ¼ 0.07) or a maternally (P ¼ 0.54) inherited mutant Mecp2 308 allele (Table 2) . Linear regression analysis was performed to determine whether a correlation exists between the XCI patterns in CFB and the Purkinje cells in the cerebellum. R-values derived from the linear curve fitted to the scatter plots are not statistically significant for either the maternally or the paternally derived wild-type 129/SvEv Mecp2 allele ( Table 2 ), suggesting that there is not a consistent correlation between the XCI pattern in CFB and the Purkinje cells in the same animal that is wild-type for the Mecp2 gene. However, there is a statistically significant correlation between the percentage of b-gal 2 cells in mutant Mecp2 308 CFB and Purkinje cells irrespective of the parental origin of the mutation. If we combine the wild-type data of both parental origins (n ¼ 25), a R-value of 0.07 is obtained, which is not significant as the P-value for the F statistic is 0.74 ( Fig. 2A) . However, when the mutant Mecp2 308 heterozygote data are combined (n ¼ 24), a highly significant correlation (R ¼ 0.75, P ¼ 0.00002 for F statistic) is found (Fig. 2B) . The mean percentage of b-gal 2 cells is always 12-15% higher in CFB when compared with Purkinje cells. This may be due to differences in detecting blue cells versus red cells in the two cell types, the CFB are also proliferative cells and this affects the intensity of blue staining in CFB, whereas the Purkinje cells at 20 weeks are not proliferating. In male controls, b-gal 2 cells ranged from 2% to as high as 37% for one animal with an average of 16% (n ¼ 8), which is the background rate for mis-scoring b-gal þ cells as b-gal 2 cells. Despite this caveat, a CFB pattern skewed in favour of the wild-type allele may allow a prediction about the direction of skewing of XCI in the brain. Therefore, the CFB XCI pattern may give a reasonable estimate of the Purkinje cell pattern in mutant Mecp2 308 heterozygotes. The number of animals displaying a skewed XCI ratio of !80:20 was determined (Table 2 ). Only one animal was skewed in the wild-type CFB and Purkinje cells, whereas in the group that inherited the mutant Mecp2 308 allele from their father seven were skewed. In general, the skew was in favour of the wild-type allele being on the active X chromosome, however, three heterozygous mutant Mecp2 308 animals were skewed in favour of an active mutant allele in CFB.
A potential bias for expressing the wild-type allele in RTT patients with paternally transmitted mutation To explore whether there may be XCI leading to preferential inactivation of the paternal X-chromosome when the mutation arises from the paternal origin, we studied 20 RTT patients known to have a de novo c.473C.T (T158M) missense 
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Human Molecular Genetics, 2005, Vol. 14, No. 13 mutation. We found two of them to be heterozygous for a IVS3-109A.G single nucleotide polymorphism (SNP), which is in close proximity to the T158M mutation, allowing us to determine the parental origin of the X chromosome harbouring the mutation and performed XCI studies in duplicate on DNA from the affected individuals and their parents (38) . We found that in both cases the T158M mutation had arisen on paternally derived X chromosome, and for both patients, there was a tendency for the X-chromosome harbouring the mutation to be inactivated, at least in DNA extracted from peripheral blood samples (mean results for the active allele to inactive allele being 68:32% and 76.5: 23.5%). Although the number of patients studied is small, these preliminary data are consistent with our findings in the mouse. A more systematic examination of a larger cohort of RTT patients with this and other pathogenic mutations would be of value and may shed further light on some of the inconsistencies that have been encountered to date in attempts at phenotype -genotype correlations in RTT.
DISCUSSION
XCI bias against Mecp2 308 mutant alleles
Mice studies have indicated that XCI patterns in the brain favour cells in which the X-chromosome bearing the wildtype allele is the active X (27) . It appears that it is not just the proportions of cells expressing either wild-type or mutant alleles that may be important in determining phenotype. Cells which express the mutant allele (and lack MeCP2 protein) may have a repressive effect on the expression of wild-type MeCP2 in surrounding cells in a localized manner (26) thus potentially amplifying the effect of cells in which the mutant allele is active. It has been shown that the higher the proportion of cells expressing the wildtype Mecp2 allele the less severe is the mutant phenotype (27) .
Our results indicate that the number of skewed individuals is higher in the mutant Mecp2 308 animals when the mutant allele is inherited from the father. This is consistent with the greater degree of skewing in the Mecp2 þ/308 animals except that XCI in one animal is skewed in favour of the mutant allele being active in CFB. It is also consistent with the XCI pattern where an active wild-type allele was found in a greater proportion of Purkinje cells in 1-year-old Mecp2 308 heterozygous female mice (27) . Braunschweig et al. (26) examined the overall XCI pattern and found that there was a bias in favour of an active wild-type allele in a small number of mice (about five each) of two Mecp2 null lines. In these cases, the mutation would have been maternally derived as males of these lines do not reproduce efficiently. In our study, there may have been a bias in favour of scoring b-gal þ cells as they are easier to detect than b-gal 2 Purkinje cells. The bias, however, would have been present in both wild-type controls and mutant samples. The use of an antibody to MeCP2 in two studies (26, 27) has the advantage of directly assaying expression of the gene at the protein level but has the disadvantage that the XCI pattern cannot be determined in wild-type controls. Our study has enabled us to directly compare wild-type and heterozygous mutant animals. Consistent with our observation of a bias favouring the expression of the wild-type Mecp2 allele when the mutant allele is paternally inherited, further analysis of the data obtained from the 1-year-old Mecp2 308 mutant mice revealed that 70% of these mice, which show a bias for wild-type Mecp2-expressing Purkinje cells, had their mutant allele paternally inherited (J.I. Young and H.Y. Zoghbi, personal communication). Therefore, it appears that there is a trend against the X chromosome bearing the mutant Mecp2 308 allele being active especially if the mutation is paternally inherited. The basis of this parent-specific effect of Mecp2 mutation is not known, but it may be potentially related to the downstream action of Mecp2 on imprinted genetic activity (39, 40) . Although parental origin of the mutated MECP2 allele has been studied in humans, its impact on XCI or phenotype has not been fully determined. Most MECP2 mutations were, however, of paternal origin (20) . In our limited analysis of 20 RTT patients with T158M mutation, we have found a tendency of skewed XCI favouring wild-type allele expression in two cases where the mutation was of paternal origin.
Developmental timing of the impact of Mecp2 308 mutation
When does the trend to favour cells in which the wild-type allele is on the active X chromosome begin? We examined this question by determining the XCI pattern at E9.5. If the Mecp2 gene had any direct effect on the selection of which X chromosome to inactivate at the time of initiation of XCI, then it would result in a bias that would be evident at E9.5. We found no difference between the XCI patterns in the brains of wild-type and heterozygous mutant Mecp2 308 embryos, and therefore, mutant cells must be at a selective disadvantage at a later stage of embryonic or adult life.
There is a bias towards inactivation of the mutant allele of 10% in the Purkinje cells at 20 weeks of age (this study) and at 1 year of age (27) . Is this a result of cell death as brains age or does it happen during differentiation and migration of the Purkinje cell lineage? We estimated the number of cells at the time of allocation of the Purkinje cell lineage. A difference was detected between the paternally derived mutant Mecp2 308 heterozygous animals and their matched controls with mutants allocating 13% less cells to the lineage by computation based on the XCI-inactivation mosaicism model. This is consistent with an average difference of 10% between wild-type and mutant Mecp2 308 XCI patterns at 20 weeks of age. It is also possible that there are a reduced population of Purkinje cells in mutant Mecp2 308 heterozygotes in addition to the difference in XCI patterns; however, we are not able to determine the total number of Purkinje cells in the adult cerebellum in the current study. Our findings are consistent with parental origin of the Mecp2 308 mutant allele having different effects on the number of precursor cells allocated to the Purkinje cell lineage.
It would be of interest to explore these estimates further by studying cell proliferation or apoptosis. However, this is not feasible for a number of reasons. The precursor population arises over 3 days of gestation with Purkinje cell precursors allocated between E11 and E13 (41) . Thus, in order to study cell proliferation and apoptosis, three cellular markers would need to be optimized: lacZ transgene or Mecp2 308 truncated protein antibodies; a precursor population marker and a TUNEL assay. Purkinje cell precursors at the time cannot be distinguished morphologically from other cerebellar neuron precursors such as Golgi cells (42) . A large number of embryos would need to be studied for each cross because of the large stochastic variation in XCI patterns and to have the statistical power to detect a relatively small population difference (10 -13%) between the paternally derived mutant Mecp2 308 heterozygotes and the wild-type control XCI patterns, potentially over a 3 day period, which makes detection of small differences unlikely. Only when the progenitors of multiple cerebellar cell lineages were substantially reduced in number with a markedly different XCI pattern in Mecp2 308 heterozygous and wild-type control mice, would cell death and proliferation studies be useful.
Purkinje cells are lost in wild-type mice from 18 months of age onwards. In heterozygous staggerer mice, the process of Purkinje cell loss begins about a year earlier than in wildtype mice (43) (27) but it would appear from the data available that there was no further change in the XCI pattern between 5 months of age and 1 year. The two studies do agree that there is a real difference between heterozygous mutant Mecp2 308 XCI patterns and those of wild-type. Therefore, it is most likely that the impact of Mecp2 deficiency occurs during lineage allocation.
Human mutant lymphocyte cells do not proliferate as well as wild-type cells in culture suggesting that mutant Mecp2 cells are at a disadvantage (44) . It is possible that cells in which the Mecp2 308 allele is active may be selected against during the earliest stages of Purkinje cell lineage allocation and differentiation giving rise to a tendency for wild-type cells to predominate in the mature cerebellum. Therefore, it is most likely that the difference that exists in the XCI patterns of wild-type and Mecp2 þ/308 mice occurs during Purkinje cell lineage allocation.
In summary, our study shows that Mecp2 does not have any effect on the primary pattern of XCI established in early embryogenesis. A significant difference in XCI patterns can be detected at postnatal week 20 in the Purkinje cells when the mutant Mecp2 308 allele is paternally inherited. This raises interesting questions about the role of parental origin of the mutation in the pattern of XCI and therefore in the phenotype. The estimate of a reduced number of Purkinje cell progenitors in Mecp2 þ/308 mice suggest that this difference has its origin at the time of allocation to the Purkinje cell lineage.
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MATERIALS AND METHODS
Mice and genetic crosses
Two strains of mice were used in this study: Mecp2 308 mice on a pure 129/SvEv background (2) and D4X mice will therefore always generate heterozygous mice in which the X-chromosome carrying the Mecp2 308 allele is of 129/SvEv origin and the X-chromosome bearing the lacZ transgene and the EGFP transgene are of mixed genetic background derived from three original stocks. Reciprocal crosses of Mecp2 308 and D4X mice were performed to produce heterozygous females that inherit the Mecp2 mutation from either parent. First, Mecp2 308 heterozygous females were crossed to male D4X mice to produce female offspring carrying the Mecp2 mutation on the maternally derived X chromosome and the lacZ and EGFP transgenes on the paternally derived X chromosome. These mice were designated as Mecp2 308/þ . The wild-type female littermates were used as controls. Secondly, D4X homozygous females were crossed to Mecp2 308 males to produce females with a paternally derived Mecp2 308 mutation and the lacZ and EGFP transgenes on the maternally derived X chromosome. These mice were designated as Mecp2 þ/308 . Crosses of homozygous D4X females and 129/SvEv males were performed to produce wild-type female and male controls. The expression of the X-linked EGFP was used for the genotyping of the heterozygous mice in the breeding stock and for detecting the heterozygous E9.5 embryos obtained from the experimental crosses. The X-linked lacZ transgene was used as the reporter of X-chromosome activity in histological analysis.
Sample collection and genotyping
Offspring from the aforementioned crosses were collected for the analysis of X-linked transgene expression at two time points: E9.5 embryos and adults at postnatal 20 weeks. Yolk sacs of embryos and tail tips collected from 3-week-old mice were used for genotyping by PCR. The PCR primers were 5 0 -AACGGGGTAGAAAGCCTG-3 0 , 5 0 -TGATGGGGTCCTCA GAGC-3 0 and 5 0 -ATGCTCCAGACTGCCTTG-3 0 and cycling conditions were 948C for 3 min, 35 cycles of 948C for 30 s, 608C for 30 s and 728C for 30 s ending with 728C for 3 min. A 396 bp band is produced from the wild-type allele and a 318 bp band from the mutant Mecp2 308 allele. The final reaction buffer consisted of 15 mM Tris -HCl pH 8.0, 50 mM KCl, 200 mM of each dNTP, 1.5 mM MgCl 2 , 0.2 mM of each primer, 2.5 U Taq polymerase (Roche) and 1 ml of yolk sac DNA in a 25 ml reaction.
Cultured fibroblasts
Postmortem tail biopsies from 20-week-old mice were minced and cultured on gelatinized plates in medium containing 10% foetal calf serum, 1Â penicillin/streptomycin in Dulbecco's minimal essential medium until outgrowths of fibroblasts appeared in the culture. The cells were washed in phosphatebuffered saline (PBS) and lightly fixed in 4% paraformaldehyde (PFA) for 2.5 min. Cells were washed twice for 1-2 min in PBS and stained overnight at 378C in X-Gal solution [5 mM ferrocyanide, 5 mM ferricyanide, 2 mM MgCl 2 , 0.1% Tween-20 (Sigma), 1 mg/ml X-gal in PBS without Ca 2þ and Mg 2þ ]. Cells were counterstained with nuclear fast red (Certistain, Merck). The stained cell cultures were then photographed and the number of blue-and red-stained cells was scored on a magnified digital image (Supplementary Material, Fig. S2 ). An average of 679 cells (range 100-2529) was counted for each tail culture. Histology E9.5. Embryos from the E9.5 time point were collected and placed in PBS. DNA was extracted from yolk sacs (47) and embryos were sexed using Zfy primers (48) and genotyped by PCR as described earlier. Embryos were fixed in 4% PFA for 7 min and stained in 1 mg/ml X-gal solution (49) overnight at 378C in the dark. Embryos were post-fixed in 4% PFA, embedded in paraffin wax, sagittally sectioned and counterstained with nuclear fast red. Photographs of histological sections were taken using an Olympus BX50 microscope and SPOT digital camera (Diagnostic Instruments) controlled with SPOT version 3.5 software. Contrast and brightness were adjusted using Photoshop 7 (Adobe). Cells are scored on high magnification digital images of the histological sections that were cut serially at 8 mm, which is the average nuclear diameter. This, together with the nuclear-localized X-gal and fast red staining would ensure that every nucleus in the section can be visualized with minimal masking or overlapping. The scoring was not affected by the cell or nuclear density. Five regions of the embryonic brain were analysed: telencephalon, diencephalon, dorsal midbrain, ventral midbrain and basal part of the upper rhombencephalon. An average of 345 cells per brain region of each embryo and 20 embryos of each genotype were analysed (Table 1) .
Postnatal 20 weeks. The cerebellum was dissected from 20-week-old mice, washed briefly in PBS then fixed for 90 min in 4% PFA, 0.2% glutaraldehyde at 48C. After fixation, the cerebellum was washed three times in PBS and soaked in 30% sucrose overnight. Specimens were embedded by immersion in OTC compound (Tissue-Tek, Pro Sci Tech) in cryomolds (Tissue-Tek) then frozen in isopentane over liquid nitrogen and stored at 2808C. Frozen sections were cut at 10 -12 mm at 2208C, placed on StarFrost glass slides (ProSciTech) and stained overnight in 1 mg/ml X-gal solution (49) at 378C in the dark. After counterstaining with nuclear fast red sections were mounted in Canada Balsam (in Xylene, Merck) and coverslipped. At least 200 Purkinje cells were counted in randomly selected sections of cerebellar folia from each sample ( Table 2) .
Statistical analysis
The data were first analysed for normal distribution using normal probability plots (KaleidaGraph version 3. Table 2 ). So that the variance of the mean values between animals and between samples could be determined. The results of the two way ANOVA were then used to calculate the theoretical number of Purkinje cell progenitors present at the time of lineage specification (35) .
Examination of XCI patterns in RTT patient samples
The parental origin of the c.473C.T (T158M) mutation was determined by PCR amplification and sequencing of the genomic DNA surrounding the T158M mutation, using the oligonucleotides 5 0 -TGGAGAGACTGAGCACCGTA-3 0 and 5 0 -CTTCCCAGGACTTTTCTCCA-3 0 . This PCR fragment was cloned into pGEMTeasy (Promega) for those individuals with both a SNP and the T158M mutation, and sequencing of individual clones was performed to determine whether the two variations were in cis or trans. Sequencing of parental DNA was used to determine the origin of the SNP and therefore the origin of the T158M mutation.
The pattern of XCI in RTT patients was determined by examining the androgen receptor locus using previously described methods (38) . Genotyping the parents at the androgen receptor locus was performed to ascertain which of the parental X chromosomes was potentially skewed and/or inactivated.
